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Abstract 
Two-dimensional colloidal halide perovskite nanocrystals are promising materials for light 
emitting applications. In addition, they can be used as components to create a variety of materials 
through physical and chemical transformations. Recent studies focused on nanoplatelets that are 
able to self-assemble and transform on solid substrates. Yet, the mechanism behind the process and 
the atomic arrangement of their assemblies remain unclear. Here, we present the transformation of 
self-assembled stacks of CsPbBr3 nanoplatelets in solution, capturing the different stages of the 
process by keeping the solutions at room temperature and monitoring the nanocrystal morphology 
over a period of a few months. Using ex-situ transmission electron microscopy and surface analysis, 
we demonstrate that the transformation mechanism can be understood as oriented attachment, 
proceeding through the following steps: i) desorption of the ligands from the particles surfaces, 
causing the merging of nanoplatelet stacks, which first form nanobelts; ii) merging of neighboring 
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nanobelts that form more extended nanoplates; and iii) attachment of nanobelts and nanoplates, 
which create objects with an atomic structure that resemble a mosaic made of broken nanotiles. We 
reveal that the starting nanoplatelets merge seamlessly and defect-free on an atomic scale in small 
and thin nanobelts. However, aged nanobelts and nanoplates, which are mainly stabilized by 
amine/ammonium ions, link through a bilayer of CsBr. In this case, the atomic columns of 
neighboring perovskite lattices shift by a half-unit-cell, forming Ruddlesden-Popper planar faults. 
We also show that the transformation is temperature-driven and that it can be accelerated to the 
point that it can take place within tens of minutes in solution and in spin-coated films. In-situ 
monitoring of the nanocrystal photoluminescence spectra, combined with transmission electron 
microscopy analysis, indicates that the same mechanism is at work for the accelerated 
transformation at high temperature. Understanding this process gives crucial information for the 
design and fabrication of perovskite materials, where control over the type and density of defects 
is desired, stimulating the development of perovskite nanocrystal structures with tailored electronic 
properties. 
Keywords: CsPbBr3; perovskite; nanoplatelets; self-assembly; transformations; temperature; 
Transmission Electron Microscopy (TEM). 
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Metal halide perovskites offer fascinating chemical and structural versatility, coupled with 
excellent optical and electronic properties, enabling them to be applied to many different 
optoelectronic devices, such as solar cells, light emitting diodes, lasers, and photodetectors.1-4 In 
their nanocrystal form, the emission wavelength from metal halide perovskites can be easily tuned 
over a broad range of the visible spectrum, by changing the particle size, dimensionality, or cation 
and anion composition.5, 6 Thanks to recent progresses in the development of new synthesis 
methods, it is now possible to prepare ligand-passivated nanocrystals through different approaches 
(e.g. by the heating-up method, or the ligand-assisted re-precipitation technique).5, 7-11 However, 
due to the high dynamicity of the molecules stabilizing the particle’s surfaces,12 as well as the ionic 
nature of perovskite nanocrystals and the ease at which ion migration can occur inside them, they 
are found to be intrinsically unstable. Nevertheless, the surface chemistry of metal halide perovskite 
nanocrystals can be exploited to promote and control physical-chemical transformations. The 
nature of the surface is particularly relevant in the case of two-dimensional nanocrystals, such as 
nanoplatelets (NPLs), nanosheets and nanodisks, which are highly anisotropic particles that can 
have atomically precise thicknesses and can exhibit strong quantum confinement effects.13-17 Such 
structures are prone to self-assemble and then undergo oriented attachment, a process by which the 
nanocrystals achieve a lattice match, and eventually connect to each other and build larger single 
objects under the cooperative effects of short- and long-range interactions.13, 15, 18-22 In this process, 
adjacent nanocrystals with identical crystal facets that face one another undergo continuous rotation 
and rearrange their atoms through the formation of a neck in the region of contact, until they 
become a single structure.23, 24 
Perovskite nanocrystals have the ability to undergo shape- and phase-transformation by self-
assembly, which has been recently exploited to fabricate nanoplates and nanosheets from CsPbBr3 
nanocube superlattices under an external pressure,25 and to produce nanosheets by applying 
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solvothermal conditions to CsPbX3 (with X = Cl, Br, and I) nanorods that interact side-by-side.26 
In the building steps of such structures, the oriented attachment between neighboring nanocrystals 
plays a key role, as it has been also demonstrated for other types of nanocrystals.27-29 Both the 
transformation and the assembly geometry are affected by the nanocrystal concentration in 
solution, since the concentration affects the distance between the individual particles. Increasing 
the particle concentration enhances strong ligand-ligand interactions, leading to long-range ordered 
structures; a diluted suspension instead favors ligand destabilization and therefore extended sheets 
can form via crystallographic oriented attachment.18 Other driving forces, such as laser irradiation, 
have been reported for the transformation of self-assembled NPLs into nanobelts10 or bulk 
structures,30 which improved the stability of the optoelectronic devices, and could be used to 
modify the emission wavelength, exploiting the particles for color patterns. Mostly, such 
transformations were investigated in the solid state, which limits the nanocrystal ability to move 
freely, and hinders ligand mobility and interactions. Instead, a bulk liquid environment acts as a 
media that facilitates the overall transformation. However, a detailed investigation of the 
transformation of two-dimensional perovskite nanocrystals via self-assembly in solution is still 
missing. 
In this work, we study the spontaneous and heat-induced transformation of self-assembled 
CsPbBr3 NPLs into larger nanostructures such as nanobelts, nanoplates and nanotiles in bulk 
solution. For a detailed study of the mechanism, the evolution in the morphology and atomic 
structure of the nanocrystals was examined over time under ambient conditions using ex situ 
transmission electron microscopy (TEM) analysis. Such structural evolution is associated with 
changes in the photoluminescence (PL) of the objects that are produced at the different stages of 
the transformation. Initially, the NPL stacks present in the freshly prepared solution merge either 
face-to-face or side-to-side, giving rise to intermediate products such as nanobelts, which were 
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widely observed in aged solutions and which caused a red-shift in the PL emission. These structures 
are found together with Cs4PbBr6 hexagonal-shaped nanocrystals, which typically are formed by 
perovskite CsPbBr3 nanocrystals reacting with an excess of amines in solution. Therefore, the 
emergence of Cs4PbBr6 nanocrystals in the solution evidences the presence of desorbed ligand 
molecules from the surface of the CsPbBr3 NPLs, triggering their transformation. At later stages, 
the self-assembly of the intermediate products occurs, and the assembled structures merge into 
larger nanoplates. Eventually, the aged components from the different stages of the transformation 
in the solution attach to each other in a mosaic manner and create even larger objects, such as 
nanotiles, which emit at the same wavelength as bulk CsPbBr3. Each stage is facilitated by the 
oriented attachment of adjacent components through the rearrangement of atoms at the connecting 
facets. We found that this atomic rearrangement enables the formation of defect-free boundaries in 
the early formation of nanobelts and nanoplates, producing a continuous perovskite atomic lattice. 
In contrast, the atomic structure at the boundaries of neighboring domains resulting from aged 
objects is often imperfect, forming mosaic-like nanotiles in solutions that were stored for more than 
a month. The mosaic patterns arise from the presence of CsBr bilayers that are located at the 
interface, and the lattice mismatch is evident from the atomic columns, which are shifted by half a 
unit, spontaneously generating local Ruddlesden-Popper planar faults. These are uncommon 
defects in halide perovskites (so far, they have been observed after a post-synthesis treatment and 
in mixed halide nanocrystals).31-34 This analysis of the assembly and transformation of CsPbBr3 
NPLs in solution brings a key mechanistic understanding into the evolution of such low-
dimensional nanocrystals that can be exploited for the active design of desired objects. 
Furthermore, perovskite NPLs as ‘transformer materials’ are promising candidates for investigating 
defects in halide perovskite crystals and assessing their impact on the electronic properties of the 
resulting structures. Towards practical implementation, we demonstrate that the NPL assembly and 
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transformation process can be significantly accelerated in solution and thin films by controlled 
heating. Spin-coated NPL films were transformed within less than 30 min by heating to 110 °C, 
showing the same intermediate photoluminescence spectra and the same final nanocrystal 
morphologies. The implementation of the transformation into device fabrication procedures in short 
time-scales unlocks the technological potential of these solution-based processes. 
Results and Discussion 
Starting nanocrystals. We used CsPbBr3 NPLs that were synthesized at a relatively low 
temperature (60 ᵒC) in the presence of octadecene, oleic acid and oleylamine (see the Methods 
section for further details). The as-synthesized NPLs have a length of ca. 21 nm, a width of ca. 8 
nm, and a thickness of 3 nm. The NPLs in freshly prepared solutions spontaneously form stacks, 
in which they have a particle-particle distance of ca. 2 nm, as was determined by TEM analysis 
(see Figure 1a and Figure S1 of the Supporting Information (SI)). Here, the initial concentration of 
NPLs in toluene based on the Pb content was 9 µM, as determined by inductively coupled plasma 
mass spectroscopy (ICP-MS). The selected area electron diffraction (SAED) pattern that was 
acquired on the initial NPLs confirms their CsPbBr3 structure (Figure S2a, c). The fresh NPLs 
exhibit blue emission under ultraviolet (UV) light excitation, and their emission peak is centered at 
460 nm, which matches previous reports for similar structures.10 The vials containing the 
nanocrystal suspensions used for studying their transformation over time were covered with Al foil 
and placed on a closed cabinet to avoid potential effects from light exposure. The vials were kept 
at room temperature with a ca. 50% of relative humidity, without shaking. 
Transformation route. To monitor the evolution of the as-synthesized NPLs, we collected aliquots 
from the nanocrystal suspensions at different points in time and investigated their morphology with 
TEM. Figure 1 displays a collection of TEM images from fresh (Figure 1a) and aged solutions, 
recorded after 1-week, 1-month, and 2-months (Figure 1b-d). TEM images were acquired from 
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nanocrystal solutions that had been deposited on carbon-coated Cu grids by drop casting and were 
left to dry, and the morphology analysis was conducted on several regions of the TEM grids. Images 
recorded after storage of 1 week show well-defined structures such as nanobelts (Figure 1b). The 
width of the nanobelts (ca. 21 nm) is the same as the length of the initial NPLs, which suggests that 
they are formed as a result of a merging process of the as-synthesized CsPbBr3 NPL stacks. Images 
recorded at longer storage times (1 month) document that these structures then evolve into larger 
nanoplates, and eventually transform into extended nanotiles when they are left to age for 2 months 
(Figure 1c-d). These morphological changes are supported by a statistical nanocrystal size analysis 
(see Table S1 and Figure S3) on images that were collected from different regions. Overview TEM 
images are provided in Figures S4-S7. The size of the observed structures, in terms of projected 
area in TEM, increases dramatically, from an average of 66 nm2 (NPLs) to ca. 35,000 nm2 
(nanotiles) after two months of aging, while their number is reduced from ca. 3,500 NPLs/µm2 to 
ca. 8 nanotiles/µm2, respectively. In the initial stage (after 1 week), the resulting nanobelts have 
different lengths because the merging stacks contain a different number of NPLs (Figure S8). After 
one month, we observed fewer nanobelts and a larger number of  nanoplates, as highlighted by a 
white dashed line in Figure 1c. When the solution was left to age for more than a month, larger and 
thicker structures (the nanotiles) were formed and became the dominant population (Figure 1d). 
Throughout these stages, the CsPbBr3 crystal structure was preserved (orthorhombic phase, with 
ICSD number 97851), as was confirmed by the collected SAED patterns (Figure S2b, c) and by 
Energy Dispersive X-ray Spectroscopy (EDS) via Scanning TEM (STEM) (Figure S9 and Table 
S2). 
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Figure 1. A collection of TEM images showing the structural transformation of CsPbBr3 
NPLs. (a-d) Representative TEM images of fresh NPL stacks (a), which evolve into nanobelts (b) 
after a short time (~ 1 week). Longer aging (~ 1 month) leads to different sized nanoplates in the 
solution, along with a few nanotiles (which are framed by a red line in (c)). These nanotiles become 
the dominant products in solutions that have been aged for 2 months (d). Scale bars: 100 nm. (e) A 
scheme of the transformation process of as-synthesized CsPbBr3 NPL stacks in solution over time: 
Stage I, the formation of nanobelts via a face-to-face (in red) and/or side-to-side (in yellow) 
merging of NPL stacks; Stage II, the assembly of nanobelts that form nanoplates; Stage III, the 
attachment of nanobelts and nanoplates that create mosaic-like nanotiles. 
 
The transformation of NPL stacks into nanotiles over time can be broken down into three stages as 
illustrated in Figure 1e: (Stage I) the NPL stacks move freely in solution and neighboring NPLs 
within a stack, which are facing one another with identical (001) facets (considering the unit cell 
of orthorhombic phase with ICSD number 97851, Figure S2), merge face-to-face via 
crystallographic oriented attachment; a similar process is followed by stacks in close proximity that 
face each other with identical (110) facets and fuse side-by-side, resulting in the formation of 
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nanobelts; (Stage II) the nanobelts self-assemble and merge into nanoplates; and (Stage III) 
nanobelts and nanoplates attach in a mosaic manner, following a contact through identical facets, 
creating large nanotiles. 
To correlate the observed structural evolution of the NPL stacks with their optical properties in 
solution, we collected absorption and PL spectra at different points in time during the aging process 
(Figures S10 and S11). The initial blue emitting solution has an emission peak at 460 nm (Figure 
S10), which is red-shifted to 463 nm after 1 week. This red-shift stems from the aggregation of 
NPL stacks (as seen in Figure 1b), and can be related to changes in their dielectric environment.35, 
36 A new broad emission peak with a relatively low intensity arises at 520 nm (Figure S11), and is 
associated with the formation of a few larger objects such as nanobelts in the solution. The blue PL 
peak of solutions that are left to age for longer time further red-shifts (to 465 nm after two weeks 
and to 470 nm after one month), and decreases in intensity (Figure S10). In parallel, the intensity 
of the green emission peak observed at 520 nm increases, which is in line with the increased 
formation of larger structures such as nanobelts. The green emission peak further red-shifts to 525 
nm after 2 months. Since this wavelength corresponds to the emission of bulk CsPbBr3, it indicates 
the formation of structures that are larger than those in the quantum confinement regime. The 
emission then remains stable at 525 nm (monitored for up to 6 months of aging). 
Surface chemistry. Importantly, in the TEM images of 1 week-aged solutions we observed 
hexagonal structures with an edge length of around 400 nm. These structures occurred randomly 
together with the initial NPL stacks (Figure S8). Figure 2a shows a High Angle Annular Dark Field-
STEM (HAADF-STEM) image of two of these hexagonal structures. Elemental analysis via 
STEM-EDS shows that such structures have a Cs:Pb:Br ratio of 4:1:6, indicating that they are 
Cs4PbBr6, so-called zero-dimensional nanocrystals (see Figure S12 and Table S3 for more details). 
Such Cs4PbBr6 nanocrystals have been reported to form by a post-synthesis transformation of 
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perovskite nanocrystals with an excess of amines.37, 38 This transformation takes place because the 
excess amines extract PbBr2 from the perovskite nanocrystals to form PbBr2 complexes. Therefore, 
the emergence of Cs4PbBr6 structures indicates that there is an excess of amine species in the 
CsPbBr3 NPL solutions after a relatively short time of aging, which could be caused by ligands that 
were released from the particles’ surfaces. Among these ligands, oleylamine can be desorbed and 
react with the perovskite NPLs, converting the particles into Cs4PbBr6 (see the scheme in Figure 
2a). The release of oleylamine, in the form of oleylammonium ion, typically involves the 
concomitant release of a counter ion, in this case Br-. The removal of Br- facilitates the 
accommodation of Cs+ ions at the surface of the particles.39 The ligand desorption most likely 
occurs when NPL stacks merge into nanobelts, a process that involves a reduction of the surface 
area. In this scenario, the majority of the ligands that coat the NPLs’ surfaces (i.e. oleate, 
oleylammonium, etc.)40, 41 are released into the solution, as is illustrated in Figure 2b. Such a 
desorption process is possible because of the highly mobile nature of ligands on the perovskite 
nanocrystals,12 which, in this case, leads to merging of the NPLs. In order to qualitatively assess 
the role of the ligands in the transformation process, we investigated the surface of the crystals in 
fresh and aged (4 month-old) NPL solutions via Fourier Transform Infrared (FTIR) Spectroscopy. 
To maximize the footprint of bound ligands, we performed the FTIR comparative analysis on dried 
samples that were prepared from highly concentrated suspensions, by drop casting an aliquot onto 
the surface of the ATR (attenuated total reflectance) crystal and allowing full solvent evaporation 
in open air (see Methods). After the NPLs synthesis, the suspension was washed once to remove 
mainly unreacted precursors and the excess of ligands in the solution, without reducing the surface 
capping of the particles or damaging the NPL surfaces. We ensured that the samples completely 
covered the ATR-FTIR spot, thus guaranteeing that the signal comes from a large number of 
nanocrystals in direct contact with the ATR crystal surface.  
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Figure 2. Surface chemistry evolution during the NPL transformation. (a) A HAADF-STEM 
image of hexagonal-shaped crystals from the 1-week aged solution. According to EDS 
compositional analysis, these crystals have a Cs4PbBr6 structure. Scale bar: 500 nm. The illustration 
displays the transformation of the orthorhombic CsPbBr3 phase into a hexagonal Cs4PbBr6 phase 
when amine species are present in the solution. Both crystal models show the unit cell oriented in 
zone axis [001]. (b) A scheme illustrating the ligand desorption during the merging of two NPLs. 
(c) FTIR absorption spectra of the dried nanocrystals from fresh (blue line) and 4 month-old (green 
line) NPL solutions compared to the spectra recorded from chemicals employed in their respective 
syntheses: oleic acid (OA), Pb- and Cs-oleate, oleylamine (OLA), oleylammonium bromide 
(OLAM-Br), and octadecene (ODA). The vertical lines indicate the characteristic vibrational peaks 
of the nanostructures in the aged NPL nanocrystals (nanotiles), which show changes that are 
associated with an increase in the amount of oleylamine and its compounds, as well as a reduction 
in the contribution from Cs-oleate. 
For comparison, we collected the FTIR spectra from the pure chemicals that were used in the NPL 
synthesis, namely octadecene (ODA), oleic acid (OA), Cs-oleate, Pb-oleate, oleylamine (OLA), 
and oleylammonium bromide (OLAM-Br as a product of the reaction of oleylamine with PbBr2). 
These chemicals mimic the vibrations of the possible ligands that coat the nanocrystals. The FTIR 
spectra are displayed in Figure 2c, and we identified two regions of interest: from 3750 cm-1 to 
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2750 cm-1, which contains the various N-H and C-H stretching modes of all the ligands; and from 
1800 cm-1 to 600 cm-1, which comprises the vibrational markers of the ligands (see the detailed 
assignment of the absorbance peaks in Table S4).42-44 The most intense peak, related to CH2 
asymmetric stretching, is centered at 2925 cm-1, and it was used to normalize the absorbance 
intensities in the spectra. Compared to NPLs, the FTIR spectrum of nanotiles exhibits three new 
vibrational features that are indicated by vertical red dotted lines: a broad peak at ca. 3500 cm-1, a 
double peak at 1600-1580 cm-1, and another broad peak around 1040 cm-1. These features are all 
ascribed to the N-H vibrational modes of the primary amines and ammoniums; in this case, OLAM-
Br (see FTIR spectrum of pure OLAM-Br vs OLA). The relatively large width of these absorbance 
peaks indicates that OLAM-Br is bound to the surface of the nanotiles. In addition, these 
nanocrystals show more intense absorbance peaks in the region from 1550 cm-1 to 1350 cm-1, with 
a peak at ca. 1405 cm-1 (indicated with a violet vertical line) that corresponds to the COO- 
vibrational marker of Pb-oleate, as indicated by its strong intensity in the FTIR spectrum of the 
pure Pb-oleate. There is also an absorbance peak centered at 1530 cm-1, which shifted 10 cm-1 to 
lower wavenumbers with respect to the one that was observed for fresh NPLs (at 1540 cm-1). Both 
peaks denote a COO- stretching mode of oleates (see the vertical black lines in the spectra). Since 
the vibrational marker for Cs-oleate is at 1540 cm-1, and that of Pb-oleate is at 1510 cm-1, the 
observed peak shift in the spectra of the nanotiles, along with its increased intensity, indicates that 
Pb-oleate contributes more to the absorbance than Cs-oleate in the case of the aged nanocrystals. 
The signal from C=O stretching at 1710 cm-1 and =C-H wagging at 900 cm-1 that are vibrational 
markers for OA and ODA, respectively, is relatively weak, which indicates that these compounds 
are present in minor traces, thus their role is mostly that of solvents. We conclude that the aged 
structures contain relatively more amine/ammonium and less Cs-oleate on their surfaces than the 
as-synthesized NPLs, which confirms that, after the NPL stacks merge, a different passivation 
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mechanism is activated. One possibility is that Cs ions are replaced by oleylammonium ions, which 
then make strong bonds with the surrounding Br-, as has been previously demonstrated for similar 
systems.12, 45 Therefore, the spontaneous transformation of NPLs into nanotiles over time leads not 
only to a transformation in nanocrystal shape, but also to a more stable ligand passivation of the 
surface. 
Atomic arrangements in the transformed nanostructures. To closely examine the transformed 
structures at different stages, we used HAADF-STEM and high resolution (HR) TEM. Figure 3 
displays HAADF-STEM images of representative nanobelts collected from the 1-month aged 
solution. In these images, the bright spots correspond to the Pb-Br atomic columns (highlighted 
with red dots in Figure 3b) due to their higher average atomic number as compared to the Cs-Br 
and Br ones. The nanobelts manifest a continuous atomic structure (Figure 3a). These structures 
stem from the merging of the initial NPL stacks, and their defect-free atomic structure demonstrates 
the perfect crystallographic lattice resulting from the rearrangement of atoms during the oriented 
attachment of neighboring NPLs and consecutive NPL stacks. The continuous atomic lattice 
inherent to the nanobelts was also observed when individual NPLs joined an already existing 
nanobelt, as shown in Figure 3b (which is a magnified view of the white framed region in the inset). 
The white dotted lines follow the edges of the merged structures, while the black dotted line 
highlights their boundary. More examples of perfectly attached structures are depicted in Figure 
S13. We conclude that the assembly and merging of NPLs in Stage I and Stage II of the 
transformation process is typically characterized by a defect-free atomic binding at the interface 
between the merging components. This is illustrated by the atomic model in Figure 3c, in which 
atoms are aligned at the boundaries between the NPLs and the nanobelts and form a perfect 
perovskite lattice. 
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Figure 3. Perfectly attached atoms at the boundary of merged NPL stacks and assembled 
nanobelts. (a) A high resolution HAADF-STEM image showing the defect-free atomic structure 
of a representative nanobelt formed by merged NPL stacks (framed in white dashed lines) that 
preserves their original width of ca. 21 nm. Scale bar: 5 nm. (b) A NPL that is bound to the long 
nanobelt shown in the inset (white framed region). The black dotted line indicates the boundary 
between the two different components and the white line frames a section of the resulting object. 
The red dots highlight the Pb-Br atomic columns. Scale bars: 2 nm. (c) An atomic model showing 
the observed perfect oriented attachment among two NPLs sketched on the top of the model in light 
blue. 
Interestingly, the situation is very different for the attachment among larger structures, i.e. 
between large nanoplates or nanobelts and nanoplates. For example, in the nanotiles that were 
formed in the 2 month-old solutions, internal boundaries are clearly visible and create mosaic-like 
structures, as is highlighted in Figure 4a. To analyze this attachment in more detail, a set of five 
different components (nanobelts and nanoplates) that attached and formed a region of a nanotile is 
shown in Figure 4b; their boundaries are highlighted with yellow arrows. 
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Figure 4. Ruddlesden-Popper stacking faults in nanotiles. (a-b) High-resolution TEM images 
of representative mosaic-like nanotiles. The different components from which the nanotile in (a) 
was made are highlighted with various (false) colors and the boundaries of the domains within the 
nanotile shown in (b) are indicated with yellow arrows. Scale bars: 10 nm. (c) A magnified 
HAADF-STEM image of the boundary displayed in the inset (region framed in black) showing two 
neighboring domains within a nanotile with their Pb-Br atomic columns (highlighted with red dots) 
shifted by half of a unit cell. Scale bars: 2 nm; (inset): 10 nm. (d) An atomic model that illustrates 
the imperfect attachment of two components (light blue rectangle on the top) that form a nanotile. 
 
The view of the atomic structure at these boundaries in Figure 4c demonstrates that adjacent 
domains have an imperfect attachment. That is, compared to a continous perovskite lattice (as is 
shown in Figure 3b-c), a Pb-Br plane is missing at the boundary. Instead, the two merging objects 
are terminated with Cs-Br planes and, upon their attachment, a CsBr bilayer is formed at these 
boundaries. As a result, there is a spacing of ca. 8.7 Å between the outermost Pb-Br planes of two 
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merging objects at their interface (see Figure S14c, d). Additionally, the perovskite lattices of the 
neighouring domains are shifted by half a unit cell, as is shown in the magnified HAADF-STEM 
view in Figure 4c (in which the Pb-Br atomic columns are highlighted with red dots). This shift of 
half a unit cell is also illustrated in the atomic model in Figure 4d. More examples of objects 
containing imperfect attachments are shown in Figure S14. The NPL transformation also leads to 
the formation of other types of defects that are less abundant, such as dislocations and grain 
boundaries, as is shown in Figure S15. The shift of the atomic column, which is mainly observed 
in components larger than 50 nm, corresponds to Ruddlesden-Popper (R-P) planar faults, which 
are generally reported for oxide perovskites46-50 but have been rarely observed in lead halide 
perovskite nanocrystals.31, 32 The presence of planar defects in the resulting nanotiles, as well as 
their imperfect attachment, can be explained in part by a reduction in the free motion of the larger 
objects (nanobelts and nanoplates) during later stages of the transformation, which hinders their 
ability to collide and rotate with respect to close structures via Brownian forces. Thus, the 
crystallographic attachment occurs among slightly misaligned structures so they are not parallel, a 
condition needed for their perfect attachment. On the other hand, the FTIR analysis combined with 
the HRTEM observations points toward CsBr-terminated nanobelts, in which some Cs ions on the 
surface have been replaced by oleylammonium ions, which results in a more stable surface 
passivation. As a consequence, their attachment might not involve the removal of Cs atoms, as it 
occurs in the merging of the NPLs. Hence, they directly link through a CsBr bilayer, 
accommodating their atoms dislocated by half a unit cell to minimize the energy of the system, 
which leads to the formation of the unusual R-P planar faults, in a similar way as in oxide 
perovskites.48, 49 
To gain a deeper understanding of the formation of the atomic attachment of objects at different 
stages of the transformation process, we performed density functional theory (DFT) analysis (see 
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details in the Methods section). We calculated the energy of two domains made of a few unit cells 
that had perfect lattice attachment and compared it to the energy of two domains with a lattice 
containing a R-P planar fault. The computational analysis that is displayed in Table S5 shows that 
the formation of a R-P planar fault requires more energy than a perfect lattice ordering, and that 
the difference is smaller for the merging of two large domains than for two small domains (see 
Table S5). Thus, the formation of R-P faults is more likely to occur in the merging of the larger 
objects at the later stages of the transformation process. 
Temperature dependence of the transformation. The dynamics of the surface passivation that 
we discussed earlier have important technological implications. They point out that the ligand 
desorption, and the formation of interfaces based on R-P faults, which are at the base of the 
transformation process, should strongly depend on temperature. In particular, ligand desorption 
should increase with increasing temperature, and decrease when the temperature is reduced. As a 
consequence, heating or cooling can be used to accelerate the transformation process or to preserve 
the properties of the original NPL solution. We tested heating of the NPL solutions at 50 °C for 1 
hour and at 110 °C for 30 min, and cooling at -4 °C for one month. The heated solutions were green 
emitting after the treatment (Figure S16), and in particular for the solution heated at 110°C we 
observed the full transformation to nanoplates and nanotiles (Figure S17), which confirmed that 
the process can be significantly accelerated at higher temperature. Interestingly, we observed a rich 
presence of R-P faults in the nanotiles, with lateral size from 40 to 200 nm, in the solution heated 
at 110 °C, which proves that the R-P faults are stable under these conditions (Figure S18). Milder 
temperature treatment such as heating at 50 °C for one hour promoted the formation of thicker 
NPLs (Figure S17).  On the other hand, the solution stored for 1 month at -4 °C preserved its blue 
emission and the NPL morphology (Figure S19).  
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Processing nanocrystal solutions for the fabrication of thin films is one of the major application 
routes in their use for light emission and energy harvesting. We therefore fabricated thin 
nanocrystal films from the NPL solutions by spin-coating (see details in Methods) and monitored 
their photoluminescence (PL) at different temperature over time. At room temperature we observed 
a full shift of the PL signal to green emission within 3 weeks, indicating a complete transformation 
process, and at 110 °C this transformation occurred within 40 min., as demonstrated in Figure 5. 
 
Figure 5. NPL transformations in spin-coated films. (a) PL spectra of a film fabricated from 
NPL solution stored at room temperature recorded over a period of 22 days. (b) In-situ recorded 
PL spectra over a time period of 40 min of a film heated at 110 °C. 
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The trend in this transformation is similar to that observed from the aliquots extracted from the 
solution displayed in Figure S11. Over time, the intensity of the blue emission, initially at 460 nm, 
decreases, and a PL peak in the green at 515 nm builds up that gradually red-shifts with time until 
it stabilized at around 530 nm. The transformation in the films also modified their electrical 
properties. Initial pristine films did not show any reproducible conductance, whereas the heat-
transformed films manifested stable photoconductivity with a similar performance as it was 
obtained by UV-light induced transformation (Figure S20).10 
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Conclusions 
We investigated the transformation of CsPbBr3 NPLs, starting from their self-assembled stacks in 
solution via a combined TEM and surface analysis, and elucidated the key mechanisms in the 
merging of smaller high-surface area nanocrystals to form larger, and bulkier structures. Freshly 
prepared NPLs merge into single crystalline nanobelt structures by face-to-face or side-to-side 
oriented attachment of matching facets. The aged nanobelts and nanoplates develop a less rich CsBr 
surface where oleylammonium ions have replaced Cs+ ions and provide a more stable surface 
passivation. Oriented attachment of these larger objects with CsBr surfaces leads to the formation 
of R-P stacking faults, which confers to the resulting nanotiles a mosaic-like architecture with 
atomic stacking faults. The overall mechanism, based on ligand desorption, particle motion and 
oriented attachment is temperature-dependent and thus, structures with abundance of R-P faults can 
be formed in an accelerated way. Such information is crucial for the development of stable 
perovskite materials for optoelectronics, where the band gap (and thereby emission wavelength), 
particle shape, and the type and density of defects should be controlled. Furthermore, the 
transformations routes that we investigated can stimulate the design of novel, and possibly 
switchable, perovskite materials. 
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Methods 
Synthesis of CsPbBr3 nanoplatelets. The nanocrystals were prepared by dissolving 0.145 g of 
PbBr2 in 4 ml of octadecene, 1 ml of oleic acid, and 1 ml of oleylamine. The mixture was magneti-
cally stirred for 20 min at 100 °C. Next, 0.325 g of Cs2CO3 were dissolved in 5 ml of oleic acid at 
100 °C for ca. 15 min. Once both mixtures reached room temperature, 0.5 ml of the Cs-oleate 
solution were added to 6 ml of the PbBr2 solution. The resulting solution was heated at 60 °C for 
30 min under stirring. The mixture was then cooled down by immersing the vial in ice water for 5 
min. 2 ml of toluene were added to the product, and the solution was washed once by centrifugation 
at 3500 rpm for 10 min and the nanocrystals re-dispersed in toluene via sonication for 10 min. All 
the synthesized suspensions of nanocrystals were stored at room temperature and at ca. 50 % of 
relative humidity. Elemental analysis of the fresh NPLs was performed via inductively coupled 
plasma mass spectroscopy by using a Thermo Fisher iCAP 600 instrument. The samples were di-
gested overnight in an HCl solution and diluted in deionized water. All the suspensions were fil-
tered before analysis by using PTFE filters. 
Structural and optical characterization. TEM analysis was conducted by drop casting 
suspensions of nanocrystals on carbon-coated copper grids. The suspensions were prepared with 
different aging times (24 h, 48 h, 72 h, 1 week, 2 weeks, 1 month and two months), including one 
suspension with fresh particles. An initial shape assessment of the as-synthesized NPLs was 
performed by using a JEOL JEM-1400 operating at 120 kV. High resolution TEM images were 
acquired on a JEOL 3010 microscope operating at 300 kV, a FEI ThemIS 60-300 STEM/TEM 
microscope operating at 300 kV and a JEOL 2200FS microscope. The JEOL 3010 microscope and 
the FEI were used to acquire the Selected Area Electron Diffraction (SAED) of the structures. The 
JEOL 2200FS was equipped with a Schottky emitter operating at 200kV, a CEOS spherical 
aberration corrector of the objective lens, and an in-column energy filter (Omega-type). The JEOL 
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2200FS was used to collect High-Angle Annular Dark Field Scanning TEM (HAADF-STEM) 
images of the structures at different times, and the FEI was used to perform an Energy Dispersed 
X-ray Spectroscopy (EDS) analysis. The Br K-edge and Cs and Pb L-edges were used for all of the 
TEM-EDS maps of the structures. 
The surface of the nanocrystals was characterized using a Fourier transform infrared spectrometer 
(Equinox 70 FT-IR, Bruker) coupled with an attenuated total reflectance (ATR) accessory 
(MIRacle ATR, PIKE Technologies). The analysis was performed on samples from highly 
concentrated suspensions of the as-synthesized NPLs in their fresh and 4 months aged condition. 
After strongly shaking the nanocrystal suspensions in toluene for 10 min, the samples were 
prepared by drop casting an aliquot of 2 µl on the surface of the ATR crystals and dried them fully 
at open air. The analysis was conducted at an operating range of 4000 cm−1 to 600 cm−1 with a 
resolution of 4 cm−1. On average, 128 scans were completed for each spectrum. 
PL spectra were collected from diluted suspensions (100l in 1 ml of pure solvent) of nanocrystals 
in toluene at different times using a Horiba FluoroMax 4 spectrofluorimeter, exciting at 350 nm.  
Computational modeling. The computational analysis was performed by designing a defect-free 
nanocrystal and a nanocrystal with a lattice that was displaced by half a unit cell, as is indicated in 
Table S2. The second structure is achieved by removing a PbBr2 plane from the center of the 
original nanocrystal and Cs atoms from the surface in order to achieve a charge balance. Hence, 
we modelled the following chemical reaction: ∆E = E!"#$% − (E&'(!"#$%)*−N+,-.!E+,-.! − N/!-.E/!-.)	
where NPb and NCs are the number of PbBr2 and CsBr molecules extracted from the full nanocrystal 
to get the shifted configuration. We studied three sizes, namely 2x2, 3x3 and 4x4 cubic unit cells. 
The energies resulted in 0.29 eV/A2, 0.23 eV/A2 and 0.21 eV/A2, indicating that the energy needed 
to create the structural shift is smaller when the surface sizes are larger. All the structures were 
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optimized under vacuum with DFT by using the PBE exchange-correlation functional51 and a 
double ζ basis set plus polarization functions.52 We accounted for scalar relativistic effects by 
employing effective core potential functions in the basis set. Spin–orbit coupling effects were not 
included in the calculations. All calculations were performed using the CP2K code.53All the 
structures were optimized under vacuum with DFT by using the PBE exchange-correlation 
functional51 and a double ζ basis set plus polarization functions.52 We accounted for scalar 
relativistic effects by employing effective core potential functions in the basis set. Spin–orbit 
coupling effects were not included in the calculations. All calculations were performed using the 
CP2K code.53 
PL characterization of heated solutions. A vial containing 2 ml of diluted NPL solution was 
inserted in a home-made metal holder with holes of 4 mm diameter on the lateral sides for optical 
access. The holder was placed on a hot plate, and the temperature was measured with a 
thermocouple. PL was excited via an optical fiber coupled to a light-emitting diode emitting at 385 
nm, and collected with a second fiber coupled to a spectrometer (Ocean Optics HR4000). 
Nanocrystal film preparation and PL characterization. Films were prepared by spin-coating 
NPL solutions at 2000 rpm on glass substrates. For the transformation and in-situ PL measurements, 
the films were heated to 110 °C under air using a Peltier plate, controlled by a thermocouple sensor 
and a PID controller. PL was excited by a pulsed laser at 349 nm wavelength with an average power 
of 50 µW, and the signal was recorded with a fiber coupled spectrometer (Ocean Optics HR4000). 
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